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body stores of vitamin C have been negatively correlated with systolic and diastolic blood pressure [4] . Previous studies of AA status in diabetic patients by using plasma or leukocyte levels have indicated that there is a relative deficiency of AA in hyperglycaemic subjects, with lower levels in those with microangiopathy [7±10] . The uptake of dehydroascorbic acid (DHA) was reduced in diabetic subjects [8] due to reduction in V max . However, in these studies of cellular vitamin C uptake, it was unclear whether environmental factors such as hyperglycaemia or genetic factors could have contributed to the altered vitamin C uptake, since uptake was measured in cells freshly isolated from diabetic subjects. Uptake was also investigated with radioisotopes [8] which assumed that the label remained unaltered and only unidirectional flux was measured, rather than the direct measurement of AA or DHA mass which would determine the net uptake of these vitamin C forms. Furthermore, uptake assays were not performed with precautions to prevent AA oxidation to DHA [8] and did not correct for the instability of DHA in physiological buffers [11] . Uptake of vitamin C has, to our knowledge, not been studied in hypertensive subjects.
Recent advances in the measurement of AA and DHA with sensitive and specific techniques such as high-performance liquid chromatography (HPLC) [12, 13] enabled mass assays of AA and DHA uptake [11, 14±19] . Both high and low affinity uptake systems for AA and DHA have been described in a variety of cells. An examination of vitamin C uptake in human lymphoblasts using HPLC to measure AA and DHA uptake has defined two distinct high affinity uptake systems [11] in these cells. The maximal uptake rates for DHA exceeded that of AA and while glucose competitively inhibited DHA uptake, AA uptake was driven by the extra-to intracellular Na + gradient [11] . The finding that high glucose levels reduced DHA uptake would explain previous observations of a reduced V max for uptake of radiolabelled DHA in leukocytes from diabetic subjects [8] .
In order to determine whether DHA uptake was further impaired in the group of IDDM patients with nephropathy who are especially prone to cardiovascular disease independently of in vivo factors, we have measured the uptake of AA and DHA using mass assays in cultured human lymphoblasts derived from three groups of subjects, namely non-diabetic controls (CON), normoalbuminuric IDDM patients (DCON) and IDDM patients with nephropathy (DN). These cells have previously been utilized to elucidate the intermediate phenotype of increased Na + /H + exchanger activity in DN and hypertension (HT), in isolation from the environmental influences present in vivo such as glycaemic control and lipid levels [20] . We have also compared vitamin C transport between the control group and an HT group because the latter also have a higher prevalence of cardiovascular disease. In addition, the DN patients may also have a predisposition to hypertension due to their associated membrane transport abnormalities of Na + /H + exchanger [20] and Li + /Na + countertransport [21, 22] .
Subjects and methods
Patient selection. The study group of 12 diabetic normoalbuminuric and 15 diabetic nephropathy patients were recruited from the Joslin Clinic, Boston, Mass., USA and were all of Caucasoid origin. The IDDM patients had developed the disease before the age of 21. Nephropathy was defined as albumin excretion rate (AER) on one timed urine collection above 300 mg/min and normoalbuminuria as an AER less than 20 mg/ min despite 15±21 years of diabetes. Patients with nephropathy were also albustix positive. The 10 non-diabetic normoalbuminuric hypertensive patients and 15 normotensive control subjects were recruited from among non-related Caucasoid individuals in the Boston area and secondary hypertension was excluded by clinical and biochemical evaluations. Hypertension was defined as a diastolic pressure greater than 90 mm Hg or systolic pressure greater than 140 mm Hg. Four hypertensive patients were on anti-hypertensive medication. None of the normotensive control patients had a family history of hypertension. Informed consent was obtained from all patients and the protocol was approved by the local ethics committee. Lymphocytes from these subjects were immortalized by Epstein-Barr virus transformation and these lymphoblast lines were obtained from Dr. A. S. Krolewski, Genetics Core, Diabetes and Endocrinology Research Centre, Joslin Diabetes Centre, Boston, Mass., USA.
Materials and cell culture. AA, non-esterified fatty acid free bovine serum albumin, glutamine, penicillin, streptomycin, bromine solution and RPMI 1640 medium were from Sigma Chemicals Ltd., Poole, Dorset, UK. Fetal calf serum was from Advanced Protein Products, Birmingham, UK. RPMI 1640 growth medium contained 2 mmol/l glutamine, 15 % fetal calf serum, 5 mmol/l glucose, 10 5 IU/l penicillin, 100 mg/l streptomycin and buffered with 24 mmol/l NaHCO 3 (pH 7.4 in 95 % air, 5 % CO 2 ). HPLC grade acetonitrile and water was from Fisons, Loughborough, U. K. Human lymphoblasts from the CON, DCON, DN and HT groups of subjects were maintained in RPMI 1640 growth medium at a density between 0.25 and 1´10 6 cell/ml by regularly changing the medium every 2 days, as previously described [20] . Fresh stocks of cells were recovered from liquid nitrogen storage every 2 months to ensure consistency in uptake studies.
Mass transport assays for AA and DHA. These uptake assays were described in detail previously [11] . Briefly, approximately 5´10 6 cells were used for each assay. Cells were washed twice in HEPES buffered saline solution (HBSS) composed of (in mmol/l) 140 NaCl, 5 KCl, 1.8 CaCl 2 , 0.8 MgSO 4 , 5 glucose, 10 HEPES, 1 NaH 2 PO 4 with pH adjusted to 7.4. DHA was prepared from AA a few minutes before use by bromine oxidation of AA [11, 15, 16] . The exact amounts of freshly prepared AA or DHA were then pipetted into the tubes containing prewarmed known numbers of cells and incubated for 1 h (for AA uptake) or 20 min (for DHA uptake). AA uptake was determined using a substrate concentration of 1 mmol/l AA in the presence and absence of extracellular Na + (substituting Na + with N-methyl-D-glucamine) since in Na + free media, more than 90 % of the AA uptake was abolished [11] . The Na + dependent AA uptake at 1 mmol/l AA also approximates to the V max of the uptake mechanism [11] . DHA is very unstable in HBSS at 37°C and we had previously determined that the rate of degradation (k, in min ±1 ) was a complex function of the DHA concentration ([DHA] expressed in mmol/l) as illustrated [11] , and could be estimated as follows [11] :
This enabled the mean concentration of DHA to be estimated over the 20 min period of incubation during DHA uptake studies. All uptake studies were repeated on at least 2 to 3 different occasions and the results averaged for presentation. Betweenassay coefficients of variation for DHA and AA uptake were under 2 %. Uptake in both cases was terminated by plunging tubes into ice, washing cells three times in phosphate buffered saline before lysing cells in 0.5 ml of 20 g/l metaphosphoric acid / 0.54 mmol/l EDTA [11, 23] . The supernatants were stored at ±70°C and were analysed within 1 week of the uptake studies.
Measurement of AA and DHA using HPLC. Cell extracts were subjected to isocratic HPLC to measure their AA content, on a Whatman Partisil 10 SAX anion exchange column, with acetonitrile / 50 mmol/l KH 2 PO 4 (3/1 by volume) as the mobile phase as previously described [11, 12] . DHA was measured by reducing it to AA using dithiothreitol (10 mmol/l) after neutralisation. In all cell lines, initial cellular AA content was not measurable in the absence of added AA or DHA in the extracellular medium. Moreover, in cell extracts when DHA uptake was being measured, the major form of vitamin C within the cells was AA (98 %) even without the use of dithiothreitol indicating that DHA was reduced by cellular enzymes such as the NADPH dependent DHA reductase [11, 16] . We measured the total cellular AA content following dithiothreitol reduction of any remaining cytoplasmic DHA since this was the total amount of DHA that traversed the cell membrane during uptake measurements.
Uptake of DHA mass was best described by the sum of a saturable high affinity mechanism obeying Michaelis-Menten kinetics and a passive diffusional component:
where K m is the affinity of the uptake for DHA and k is the passive diffusional rate constant for DHA. These parameters were calculated using P-fit (Biosoft Corporation, Cambridge, UK).
Statistical analysis. Data were analysed using an Oxstat statistics package (Microsoft Corporation, Reading, Berks, UK) or a Statsgraphics package. Means and SEM are reported, and comparisons were by Student's t-test and analysis of variance (ANOVA). Non-normally distributed data are reported as medians [ranges] and compared using the Mann Whitney test. Two tailed p values less than 0.05 were considered significant. Spearman correlation coefficients were also computed. Multiple regression analysis was performed with forward selection of predictor variables, with the F ratio above which variables were entered set at 4.
Results Table 1 shows the patient characteristics in this study. DN and DCON patients were matched for age, duration of diabetes, and body mass index. The systolic and diastolic blood pressures in the DN patients were higher than both DCON and CON subjects. DN patients had worse glycaemic control than DCON patients (Table 1 ) and they had a higher prevalence of proliferative retinopathy. The HT patients had a higher body mass index and were older than the CON group. The uptake of AA in all lymphoblasts was lower than that of DHA (Table 2) . AA uptake measured at 1 mmol/l of the substrate in the absence and presence of Na + enabled the Na + driven component of uptake to be measured (being over 90 % of the total uptake). Although AA uptake rates in DN cells was lower than DCON and CON cells, this did not reach statistical significance. Furthermore, the uptake of AA in the HT cells was not significantly impaired compared to CON cells. Measurements of K m were not possible in all the lines due to the low rates of uptake at lower AA concentrations around the K m in some of the lines studied [11] .
The uptake of DHA was the major mechanism responsible for the intracellular accumulation of vitamin C in all the cell lines studied ( Table 2 ). All the lines possessed saturable DHA uptake that satisfied Michaelis-Menten kinetics. Over a wide range of concentrations of substrate, DHA uptake was lower in the DN group compared to the DCON group (Fig. 1) . The uptake of DHA was also lower in the HT group compared to the CON group (Fig. 2 ). An examination of the kinetics of the DHA uptake mechanism revealed that the K m was similar between all four groups of subjects (Table 2) . ANOVA for the values for the passive diffusional component of DHA uptake (representing the passive membrane permeability to DHA) revealed no significant differences between groups. Although the mean value in the HT group was numerically lower than in the other groups, this was not statistically significant on a Mann Whitney test.
However, the V max of the DHA uptake mechanism showed substantial variation, and ANOVA of these values using the Oxstat statistics package indicated significant differences between groups (p < 0.005). DHA uptake in both the CON and DCON exhibited a two-fold range in contrast to the smaller ranges of values in the HT and DN groups (Fig. 3) . Post hoc comparisons of DHA uptake in CON and DCON cell lines indicated that uptake rates were not significantly higher in the DCON cell lines. However, DHA uptake rates in the DN cell lines were significantly lower than both the CON (p < 0.001) and DCON (p < 0.001) cell lines (Fig. 3) , p < 0.01), reflecting the high prevalence of proliferative retinopathy in the DN group.
Since there were more males in the DN group, we calculated the DHA V max rates for males and females for the whole group. There was no significant differ- ). Thus, the lower V max values in DN cells could not be due to a male preponderance. There was no significant correlation between the DHA V max and glycosylated haemoglobin, age, body mass index, insulin dose or duration of diabetes. Thus, it was unlikely that the chronic hyperglycaemia that cells were exposed to in vivo in the diabetic subjects could have influenced the lower measured V max values in DN cells. However, a significant negative correlation between DHA V max and systolic blood pressure was present in the diabetic group in the absence of antihypertensive therapy (r s = ±0.49, p < 0.001), although the correlation with diastolic blood pressure was not significant (r s = ±0.22).
Multiple regression analysis of the data in the DCON and DN groups was then performed using a stepwise forward variable selection procedure, with the DHA V max as the outcome variable and age, body mass index, creatinine, gender, log albumin excretion rate, glycosylated haemoglobin, blood pressure and presence or absence of nephropathy as predictor variables. Two predictor variables were selected with significant contributions to the variance of DHA V max and these were presence or absence of nephropathy and systolic blood pressure (Table 3) . These two factors accounted for 63 % of the total variance (p < 0.0001).
The lower DHA uptake rates in the HT group (Fig. 2) were attributed to lower V max values when the kinetic parameters were examined ( Table 2) . The V max values were clustered within a narrow range (Fig. 3) , with a distribution similar to the DHA uptake in the DN group. The average DHAV max uptake rate in the HT group was significantly lower than in the CON group (p < 0.001, Fig. 3 ). This finding was unlikely to be influenced by the anti-hypertensive medication in four of the patients since the cells were cultured in vitro for at least 2 months before the studies and the effect of the drugs should have waned. There was no significant correlation between DHA V max and age or body mass index.
Multiple regression analysis of the data in the CON and HT groups was performed using a stepwise forward variable selection procedure with the DHA V max as the outcome variable and age, body mass index, creatinine, gender, blood pressure and presence or absence of hypertension as predictor variables. Two predictor variables were selected with significant contributions to the variance of DHA V max and these were presence or absence of hypertension (entered as a dummy or indicator variable) and age (Table 3) . These two factors accounted for 59 % of the total variance (p < 0.0001). The correlation coefficient for age in the model was however positive.
Discussion
The transport mechanisms for AA and DHA that we have described in lymphoblasts have also been reported in a variety of other cell types, including neutrophils and fibroblasts [14±18] . In addition, the leucocyte pool in vivo accounts for a substantial proportion of the total body AA content. Although diabetes has been associated with a depleted AA status [7±10], the mechanism for this has not been Table 3 . Multiple regression analysis of data in DCON and DN groups and the CON and HT groups using the DHA V max as the outcome variable and stepwise forward variable selection Predictor variables with significant independent associations with the DHA V max are reported, with values for the slope coefficients b (± SEM) and % of the total variance of the model attributable to the predictor variables Fig. 3 . The V max values for DHA uptake in the four groups of subjects. Kinetic parameters were determined and averaged over 2±3 separate occasions. Means and SEM for each group are also plotted fully explored. A previous study examined the uptake of radiolabelled DHA in leukocytes in a small number of diabetic patients and a lower V max for DHA uptake was suggested [8] . However, this impairment of uptake may have resulted from the higher ambient glucose levels to which cells were subjected, since glucose competitively inhibits DHA uptake [11] with a K i in the physiological range (2.2 mmol/l). Moreover, chronic exposure of cells to high glucose levels could lead to a reduction in V max of DHA uptake, an effect that was not due to the increased osmolarity [11] . Furthermore, although it is well established that DHA is very unstable in aqueous solutions, kinetic parameters may be over-estimated if no adjustments are made for DHA hydrolysis [11] . DHA has to be freshly prepared to ensure that concentrations are exactly as expected. For these reasons, it was not possible to conclude that DHA uptake was impaired in this previous study due to an intrinsic defect in the cells. Our present study is the first to investigate DHA uptake with these precautions taken to ensure true kinetic parameters are determined. Furthermore, culture of the cell lines in vitro in media of standardized glucose composition ensured that such environmental factors were controlled for. The present studies indicated that DHA uptake rates in DN cells may be impaired when compared to CON and DCON cells. This impairment of DHA uptake in DN may become significant when it is most needed during oxidative stress in the extracellular milieu. The impaired uptake would reduce the regeneration of AA from DHA within the cells (Fig. 4) , and this would lead to irreversible loss of DHA through its hydrolysis in aqueous solution. In vivo, the presence of hyperglycaemia would further exacerbate this loss since we had previously demonstrated that DHA and glucose compete for the same uptake mechanism [11] . In addition, chronic hyperglycaemia may also downregulate the DHA uptake mechanism leading to further reduction in the V max in vivo [11] . The hyperglycaemic milieu may therefore be expected to lower DHA recycling most profoundly in the DN group of patients, with intermediate levels in the DCON group.
The present study also demonstrates for the first time that DHA uptake may also be impaired in HT and depletion of the antioxidant AA due to defective DHA cycling may be one factor for the high prevalence of cardiovascular disease in this group. Transport abnormalities common to DN and HT have previously been identified [20±22], such as enhanced cellular Na + /H + exchanger activity and erythrocyte Li + /Na + countertransport. The impairment of DHA uptake in both pathological conditions is another example of the alterations in membrane transport shared by these two conditions. Multiple regression analysis of our data also revealed that the major contributors to the variance in the DHA V max were presence of hypertension or diabetic nephropathy with smaller contributions from age and systolic blood pressure. Gender, body mass index, plasma creatinine and glycosylated haemoglobin were not significant predictor variables.
There is strong evidence that the family of facilitative glucose transporters mediates the uptake of DHA [18] and GLUT1 may be the major putative transporter involved as it is the predominant transporter expressed in lymphoblasts [24] . The present finding of lowered V max of DHA uptake in DN and HT groups with no difference in the K m may indicate a reduced plasma membrane density or turnover number of GLUT1 in these cells, but further molecular characterisation of the DHA uptake mechanism is necessary.
Previous studies have established an important role for AA in a variety of physiological processes that may be relevant to cardiovascular or renal disease, in addition to a contribution to antioxidant defences. Platelet function relies on adequate AA levels [25] . An important role for AA in the synthesis of collagen and proteoglycans [26±29] may suggest that a relative deficiency could lead to alterations in aryl sulfatase B activity and reduced sulfation of glycosaminoglycans, and hence altered basement membrane charge, permeability and function. Alterations of basement membrane charge and permeability have been implicated in the pathogenesis of diabetic complications involving the cardiovascular and renal systems [30] . Furthermore, AA plays an important role in the improvement of endothelial function in patients with both diabetes and cardiovascular disease [31, 32] and the inhibition of the rate-limiting step of cholesterol synthesis, 3-hydroxy-3-methyl glutaryl coenzyme A reductase [33] . An action of AA on improving insulin action on whole body glucose disposal especially via non-oxidative pathways, may be relevant to the maintenance of glucose homeostasis in vivo [34] .
In the present studies, AA uptake was always performed in the presence of dithiothreitol, so that this was the only species of vitamin C present. This confirmed that the uptake of AA was indeed the minor component for total vitamin C uptake in these cells, compared to the large transport capacity for DHA. In previous studies, we have demonstrated that reducing agents per se have no significant effect on AA uptake [11] . It is uncertain whether the role of this AA transport mechanism is to export the AA regenerated from the DHA that is taken up by the DHA mechanism (Fig. 4) . Thus, at physiological plasma concentrations of AA ranging from 30 to 100 mmol/l [4, 9, 10] and DHA ranging from 10 to 30 mmol/l [9] , the AA uptake would be operating at 50±90 % full capacity but DHA uptake would only be at about 10 % full capacity. The absolute rates of uptake of DHA exceed that of AA by 10±15 fold even at these plasma concentrations of substrate, and being on the linear part of the uptake curve would respond to increases in plasma DHA by marked increases in uptake rates. These kinetic parameters would be especially useful when oxidative stress leads to oxidation of AA in the extracellular fluid, generating DHA that would enhance its cellular uptake, and this is then rapidly reduced back to AA within the cells through DHA reductase [16] . Diabetes has been associated with a greater degree of oxidative stress in vivo [9, 35] . This mechanism ensures that AA is recovered and recycled rather than the antioxidant pool being depleted gradually by irreversible DHA hydrolysis. Thus, the roles of the AA uptake mechanism may be to maintain cellular anti-oxidant defences, whereas the DHA uptake mechanism may act predominantly to regenerate DHA formed from extracellular oxidative stress. According to this model, hyperglycaemia, nephropathy status in diabetic patients and hypertension will impair the recycling of vitamin C by inhibiting DHA uptake. In some pathological conditions, these three factors can have an additive effect so that cellular stores of vitamin C are decreased further.
In conclusion, mass assays of AA and DHA uptake in cell lines have defined two distinct uptake mechanisms for these vitamin C forms. Although AA uptake is similar in all four groups of subjects, the uptake of DHA is reduced in DN and HT cell lines. In association with poor glycaemic control in vivo, DHA uptake could be further reduced. This impairs the ability to recycle oxidised AA and may result in the depletion of antioxidant defences. The links of this phenotype with the increased prevalence of cardiovascular disease in diabetic nephropathy, hypertension and their pathophysiological mechanisms remains to be explored. Fig. 4 . Scheme illustrating the major mechanism for vitamin C uptake and recycling involving DHA. DHA is generated from AA in extracellular fluid due to oxidative stress, and in order to be regenerated by the intracellular enzyme DHA reductase, it has to be taken up by cells by a saturable transport mechanism. The DHA is then reduced to AA by cytoplasmic NAD-PH dependent DHA reductase so that the major intracellular form of vitamin C is AA. This could then be reutilized as antioxidant defences within and outside the cells. Impairment of DHA uptake in DN cells especially in the presence of poor glycaemic control (which competitively inhibits DHA uptake or further downregulates the V max of the uptake mechanism) leads to hydrolysis and irrecoverable loss of DHA, eventually resulting in depletion of AA stores
